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ABSTRACT 
I 1 SGC 917FR-1 
Studies on Photosynthetic Halophiles 
f rom Owens Lake 
K. H. Sweeny 
Studies of growth of a halophilic, anaerobic, photosynthetic 
bacter ia  f r o m  a n  halite - thenordite - trona evaporite deposit in the Owens 
Valley of California have led to  an  increased understanding of the behavior 
of organisms under an  extremely hostile environment. 
t ium was found to exist  in small pockets in the c rys t a l  with dimensions ap- 
proximately equal to the organism; the organism must  therefore  obtain water 
f r o m  the crystall ine hydrate, o r  f rom water trapped in  crystall ine defects. 
This small Chroma- 
It has  been noted that the growth cycle of the organism in moving 
f rom lag to  log stage involves oxidation of sulfide in  the brine,  the formation 
of a swollen cell,  and finally the reduction in  size to the normal  shor t  rod. 
It may  be hypothesized that water introduction into the ce l l  is associated with 
the sulfur cycle. Bacteriochlorophyll production follows the sulfide oxidation 
and subsequent sulfur shower. 
A remarkable  tolerance to temperature  ex t remes  is shown by the 
C'nr oi;liac ~ 1 U L i i .  *. - 
periods of t ime and llO°C o r  -35 to -55' storage appears  to  have little de- 
le ter ious effect on growth. 
value reasonably approximating a Martian atmosphere)  may actually accel-  
e r a t e  growth, compared to an  ea r th  atmosphere. 
Tempera tures  as high as 18OoC have been res i s ted  for  shor t  
The reduction in  p re s su re  to  about 30 mm. (a 
These phenomenological studies strongly suggest the need for 
mechanistic investigations of the mode of water  introduction under extreme 
environments, and of the mechanism of tolerance to  extreme tempera tures  
and p res su res .  
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Section 1 
INTRODUCTION 
This repor t  of progress  in "Studies of Photosynthetic Halophiles 
f r o m  Owens Lake" is submitted in accordance with the requirements  of 
Contract  No. NASw 1294. 
This  study is aimed at a n  understanding of organism growth in a n  
ex t reme environment; growth on M a r s  can be taken as an example of such ex-  
t r e m e  conditions. Two of the ways in which the Martian environment differs 
significantly f rom Ear thea re  the scarci ty  of f r ee  water  and the absence of at- 
mospheric  oxygen. This implies that Martian life must  either occupy an  oc-  
casional niche in which f r e e  water exists,  o r  mus t  concentrate water f r o m  
sources  in which, by t e r r e s t r i a l  standards,  it would be tightly bound and un- 
available fo r  life. 
of water for  synthesis would of necessity be derived f r o m  an anaerobic proc-  
e s  s, although, for thermodynamic reasons,  being ultimately dependent upon 
the sun. 
On Mars ,  energy for  synthesis and for  the accumulation 
Studies of growth limitation by water  o r  anaerobic photosynthesis 
under conditions in some way approaching Mars  may  be accomplished with 
a number of t e r r e s t r i a l  organisms f rom a f iumber  of environments. How- 
eve r ,  only in r a r e  c a s e s  can both be investigated simultaneously. 
tu re  is replete with re ferences  on halophiles and on photosynthetic bacter ia ,  
but is notably lacking in publications on photosynthetic halophiles. A recent  
paper by Jannasch 
on Chromatium f r o m  an  Owens Valley evaporator pond 
Other re ferences  include studies by Van Niel which r e  - 
port  studies on halophilism within the genus Chromatium and Thiorhodaceae 
respect ively f r o m  Sear les  Lake of the Owens River chain and f r o m  Owens 
Lake. 
The l i t e r a -  
1 and the repor t  on the previous contract  at Space-General 
2 
3 4 and Baas  -Becking 
are exceptions. 
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b The characterization of growth behavior as related to water  activity 
has  been the specific objective of r e sea rch  discussed in  this report .  These 
studies have been c a r r i e d  out within the more general  f rame of reference of 
the program,  which is concerned with the identification of mechanisms per -  
mitting the existence of both photosynthetic and sulfate reducing halophiles in 
the saline environment, and the extent and energet ics  of water limitation of 
growth of the photosynthetic species  on salt c rys ta l s  and in  brines. 
Three  general  c l a s ses  of experiments a r e  descr ibed i n  the sections 
to  follow. 
behavior are described. 
made  to identify the precise  environment which the microorganisms experi-  
ence in  the simulated Martian environment of the Owens Valley salt cake. 
The d i rec t  observation of organisms in  their crystall ine environment by a spe- 
c i a l  microscopic  technique has been one way of achieving this objective. 
th i rd  c l a s s  of experiments is concerned with establishing growth charac te r -  
i s t ics  under a variety of hostile environmental conditions. 
In one s e r i e s  of experiments,  the general  charac te r i s t ics  of growth 
In a second se r i e s  of experiments,  a n  effort  is being 
The 
In the previous contract  on this program, the purified isolate was 
identified as a member  of a group of smal l  Chromatium species  promoting 
sulfur formation i n  the growth medium. 
growth appeared to be 0. 95. 
sodium carbonates at pH 9. 5, growth appears to be a function of aw while in 
sodium sulfate br ines  the response is related to  a m o r e  complex property of 
the solute. The initial resu l t s  of a theoretical  study of halophilic growth in- 
dicated that, i n  the saturated solutions used, water  does not move osmotically, 
but mus t  be pumped into the cell .  It was with this background that the cu r ren t  
program on the relation between growth and activity of multiphasic br ines  and 
a n  investigation of the precise  mechanism of water  take-up by the ce l l  was 
initiated. 
The optimum water activity for rapid 
It was further noted that in solutions of NaCl or  
As was indicated ea r l i e r ,  the study of the organisms f r o m  the Owens 
Lake br ines  offers the unique opportunity for  study of photosynthetic halophiles, 
where growth limitation by water and anaerobic photosynthesis can  be examined 
in a single system. 
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A Section 2 
MATERIALS AND METHODS 
Methods used routinely during the investigations a r e  descr ibed in 
Special procedures o r  specific deviations f rom these the following section. 
methods are described in  the appropriate sections of the report .  
The nutrient solutions for  studies in solid and liquid media. a r e  
Analytical grade sodium chloride, Na2S04, NaHC03, defined in  'Table 1. 
Na COY and commerc ia l  grade NaHCO Na2C03* 2H20 ( t rona)  were  added 2 3 
as requi red  for experiments with art if icial  brines.  
and maintenance of isolates contained 60 g r a m s  NaC1, 20 g r a m s  NaHC03 
Na2C03 2H20, 35 g rams  Na2S04 and 15 g r a m s  agar  per  l i ter .  Brines  
were  s te r i l i zed  by pasteurization for 1 minute a t  85OC af ter  f i l tration through 
0. 45 mic ron  s te r i le  Millipore fi l ters.  
pasteurization was the only t reatment  used. 
media was autoclaved separately and added to  pasteurized brine at 45OC. In 
many of the experiments,  synthetic brines having a water  activity of 0. 95 o r  
0. 78 were  used; the composition of these br ines  is given in  Table 2. 
Solid media for isolation 
When solid salt phases were  added, 
The agar  component of solid 
Cul tures  were  routinely incubated under 2450 fc illumination f rom 
100 watt f luorescent lamps, which may  not provide a n  optimal spectra! d i s t r i -  
bution. Growth tempera tures  were  25 - +l0C,  o r  32 t l0C. 
Experiments  with liquid media were  c a r r i e d  out in 50 ml Er lenmeyer  
f lasks  containing 50 ml brine and provided with rubber stoppers. 
tion, nitrogen purging, and the H S reaction with oxygen were  re l ied  on to 
c rea t e  conditions of anaerobiasis  and low oxidation reduction potential. Nitro- 
gen purging probably did not reduce oxygen tensions appreciably in the gaseous 
phase over the cultures.  
t r ans fe r s  in  milk dilution bottles filled near ly  to the r i m ,  pasteurized, again 
filled to  the rim with pasteurized medium, inoculated, and capped. 
Pas teur iza-  
2 
Enrichment  cultures were  c a r r i e d  through s e r i a l  
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Table 1 
COMPOSITION O F  NUTRLENT SOLUTIONS 
Component 
NH4Cl 
K2HP04 3H20 
MgS04 7H20 
Na2S 9H20 
Na 2 '2 '3 
Fe 
Minor Elements  *y$ 
~~ ~~ 
G r a m s / L i t e r  
Solid Medium 
. 4  
2. 0 
. 2  
4. 8 
4. 0 
. O O l *  
Br ines  
1. 0 
5. 0 
1. 0 
2. 4 
5. 0 
. O O l +  
:::As F e  c i t ra te  chelate 
:::sHutner !s t r a c e  e lements  
Table 2 
COMPOSITION O F  SYNTHETIC BRINES 
Substance 
NaCl 
Na2S04 
Na2C03 
Na HC03 
NH4C1 
K2HP04 3 H 2 0  
Mg SO4 * 7 H 2 0  
NaS * 9 H 2 0  
Na2Si03  
Minor Elements* 
Composition, g / 1  
A 0.78 
W 
:$Hutner's t r a c e  elements  
285.0 
42. 6 
9. 54 
15.96 
1. 0 
5. 0 
1. 0 
2. 4 
5. 0 
0. 1 m l / l  
SGC 917FR-1 
I 
, 
~~ 
i 
Aw 0. 95 
35.20 
42.60 
9. 54 
15.96 
1. 0 
5. 0 
1. 0 
2. 4 
5. 0 
0 .  1 ml / l  
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Growth was evaluated by determination of optical density at 780 
rnp and 525 m t ~ .  and by ce l l  counts (Petroff-Hauser).  
were  taken by use of 1 c m  round cel ls  in a Bausch and Lomb Spectronic 340, 
for  which a r e d  sensitive photocell was provided. 
obtained by dilution, optical density determination, and multiplication by the 
dilution factors .  
analysis.  
synthesis,  which may vary with cul tural  conditions. Oxidation reduction 
potentials and p H  were  determined with a pH m e t e r  and cor rec ted  for sodium 
low concentration when necessary.  
Optical density data 
Values over 0. 500 were  
Generally, cultures were cut in a Waring blendor pr ior  to 
This method has  the disadvantage of being dependent on pigment 
Chemical analyses were  performed according to methods in Ref- 
e rence  5 as follows: chloride by t i tration with mercu r i c  ni t ra te ;  sulfide by 
methylene blue method, sulfate by the turbidimetric BaS04 procedure; and 
carbonate by electrometr ic  determination of t i tration curves  with . 02N 
H2S04. 
influence over the choice of sample s izes  and aliquots. 
molali t ies were  dependent on measurement  of specific gravity by weight o r  
by hy dr  ome t e  r . 
Potential interference by accompanying ions exerted a n  important 
Computations of 
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Section 3 
RESULTS 
In this section a n  attempt is made to summar ize  the data so as 
to  give a consistent picture of the growth process  of the studies a imed at 
establishing the prec ise  environment which the organism experiences,  and 
of the res i s tance  of Chromatiurn to extreme conditions. 
which the summary  is based is contained in the three quar te r ly  r epor t s  on 
this  program. 
The data upon 
3 . 1  GROWTH PROCESS OF CHROMATIUM 
The general  growth charac te r i s t ics  of the halophilic Chromatiurn 
is  summar ized  in  Table 3. 
ventional, though an  extended lag stage may be noted in  some c a s e s  of ex-  
t r e m e  environment (discussed in Section 3. 3) .  
the organisms during the phases of growth a r e  given i n  F igure  1. 
The charac te r i s t ics  of the growth curve a r e  con- 
Photomicrographs illustrating 
An important observation on this program h a s  been that the disap-  
pearance of sulfide f r o m  solution leads to la rge  glowing sulfur globules. 
l o s s  of sulfide in solution appears  to proceed the t ransi t ion f r o m  lag to  log 
s tages  of growth. 
This 
It i s  observed that sulfur globules within cells can be cor re la ted  
with growth and population density. 
is a lag which is followed by a tremendous increase  in  growth accompanied 
by the utilization of sulfides present.  
is a pronounced increase  of enlarged cells with sulfur globules followed by 
a decline with the onset of the pink color indicating the end of the extensive 
use of sulfides. After 35-40 days growth, ce l l s  lose their  dependency upon 
the initial sulfur in the medium and the number of ce l l s  enlarged with sul-  
fur  globules a r e  a t  a minimum. Only r a re ly  will microscopic  examination 
revea l  ce l l s  glowing with sulfur globules into the stationary phase. 
During the first 30 days of growth there  
At the time of the sulfur shower there  
SGC 917FR-1 Page  6 
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LOG 
STATIONARY DECLlME 
F i g u r e  1. Photomicrographs  of C h r o m a t i w  a t  Different Stages 
of Growth (500X)  
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Ghromatium in Aw 0.78 or  Aw 0.95 brines over 60 days old do not appear 
to posses s  ce l l s  with glowing masses .  
normal  s ize  and shape. 
glowing sulfur globules as a function of the growth cycle is shown in  Table 4. 
The ce l l s  a t  this age r eve r t  back to 
An analysis  of the portion of ce l l s  containing the 
A view of a cell  containing the la rge  mass of the sulfur globule is  
shown in  F igure  2. 
10 microns.  
In this view, the cell  h a s  swollen to a length of over 
It is  c lear  that the appearance of the sulfur globules is  related to 
the growth cycle. A fur ther  observation, and one that is not easi ly  quanti- 
tated, is that the s ize  of the sulfur globules within a typical cel l  is a l so  in-  
creasing.  
may  inc rease  as much as 10-fold in diameter ( f rom a nominal 1 I.( 
10 p as is shown in Figure 2 )  and the microscopic appearance i s  that of a 
glowing yellow globule. Following the sulfur shower, the cells gradually 
r e v e r t  to  the nominal 1 p size. During the shower, the ce l l s  take on v a r -  
ious shapes and some a r e  linked together, occasionally, resulting in chain- 
like configurations. At this t ime locomotion is  ve ry  slow and sluggish, but 
the ce l l s  have shown minute per ipheral  activity. 
sequent l o s s  of globules by the cel l  occurs within a time range of 24 to 72 
hours .  At this  time the solution turns  f rom yellow to cloudy pink and the 
lag phase of growth is observed. 
sulfides are reduced sharply. 
all dimensions and movement can be described as a je rky  back and forth 
pattern.  
laboratory-grown o r  natually-occuring Owens Lake c rys ta l s .  
During the sulfur shower (9-21 days)  the cel l  and sulfur globules 
to about 
The sulfur shower and con- 
When this occurs  the concentration of 
The individual cel l  becomes smaller in over-  
These cel ls  now resemble  closely the ce l l s  found either in  
Studies have been made in an  effort  to  re la te  growth to the p ro -  
duction of bacterio-chlorophyll. 
would provide important information on the mechanism of energy t ransfer  
in the organism. 
It was expected that this investigation 
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Day 
0 
2 
5 
9 
12 
14 
21 
26 
29 
34 
41 
43  
48 
54 
61 
64 
--. 
Table 4 
SULFUR GLOBULES IN CHROMATIUM CULTURED 
IN 0.78 and 0.95 Aw BRINES 
Cel ls  x 106 
A 0.78 
W 
3 .0  
21 .0  
17. 6 
13. 0 
12 .6  
21.4 
16 .7  
17. 5 
220. 
317. 
605. 
650. 
460. 
41 0. 
- -  
- -  
I_ I 
A 0. 95 
4. 0 
22.0 
21.0 
17. 8 
8 .2  
10. 8 
16 .4  
14.7 
10 .7  
9.7 
12.1 
13. 1 
28. 5 
23. 0 
W 
- -  
TO with SUI 
A 0.78 
W 
2 . 0  
5 . 0  
14. 
3 5 .  
28. 
32. 
38. 
36. 
26. 
2 0. 
3 . 0  
0. 01 
0 
0 
0 
0 
J, 
''.All 0. 95 A.w cul tures  were  blear. 
SGC 917FR-1 
11- Globules 
A 0.95 
W 
2 .0  
5. 0 
10. 
15. 
2 0. 
15. 
15. 
14. 
13. 
8. 
14. 
16. 
12.  
7. 
0 
0 
Color :$ of Aw 0.78 
Cul tures  
Clear  
C lea r  
C lea r  
Yellow 
Yellow 
Deep yellow 
Deep yellow 
Cloudy pink 
Cloudy pink 
Pink 
Pink 
Pink  
Pink 
Pink 
Pink  
Pink  
Page 1 0  
F i g u r e  2. Large Glowing Sulfur Globule Measur ing  ove r  1 0  Mic rons  
i n  Length f r o m  Chromatiurn Cul ture  
15 Days  Old 
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Data f r o m  analyses in  aged cultures suggests that bacteriochlor - 
ophyll is  associated with a pronounced increase in red-purple pigmentation. 
Observations and t e s t  resu l t s  fur ther  show that the production of bacter io-  
chlorophyll is  evident after the sulfides have vanished; the two have been 
found together in appreciable amounts. 
at f i r s t  dependent to a degree upon sulfides for  energy source and la te r  upon 
the ability to  synthesize bacteriochlorophyll. 
It is possible that Chromatium a r e  
The bacteriochlorophyll are determined spectrophotometrically 
Typical curves  showing the presence of bac-  6 f r o m  methanolic extracts  . 
teriochlorophyll in  la ter  s tages  of growth is shown in Figure 3. 
of Van Niel appears  satisfactory with the substitution of a modern 
spectrophotometer . 
The method 
It is known that the addition of 25% Hcl to bacteriochlorophyll con- 
Similar r e  sults have been obtained ve r t s  the mater ia l  to bacteriophaephytin. 
on prolonged exposure to fluorescent lamps (ca 3 days).  
by a reduced absorbance a t  760 and 600 mp. 
This  r e su l t s  is noted 
A need exis ts  for a good solid medium in which the photosynthetic 
anaerobes can be made to grow. 
ethyl alcohol, malic acid, 1-glutamic acid, yeast  ex t rac t  and reduced sal t  
concentrations was examined for this purpose. 
is given in  Table 5. 
culture H - i O  and in 3 days with culture H - i G - l .  
continued growth af ter  over one month. 
A. new nutrient agar medium containing 
The composition of the medium 
With this medium, growth was observed in 2 days with 
These samples  showed . 
3 . 2  ESTABLISHMENT O F  PRECISE ENVIRONMENT WHICH 
CHROMATIUM EXPERIENCES 
I t  i s  believed that a significant s tep towards defining the mechanism 
of adaptation has  been achieved with the first successful observation of the 
organism in its c rys t a l  environment. 
The technique used i s  as follows: If a c rys ta l  is  immersed  in  a 
liquid of the same refract ive index, it becomes t ransparent .  However, 
vacuoles, liquid, pockets, organisms,  inclusions, o r  mixed salts having a 
SGC 917FR-1 Page  12  
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Table 5 
COMPOSITION O F  SOLID NUTRIENT 
PHOTOSYNTHETIC MEDIUM 
Sub s tanc e s 
Agar 
Ethanol 
Malic acid 
1 -Glutamic acid 
Yeast ex t rac t  
NaHC03 
NaCl 
MgS04. 7 H Z 0  
K2HP04* 3H20 
* I ron 
I r a c e  elements  
:# * 
m 
.(r so- 
as i ron  c i t ra te  chelate 
Hutner ' s  T r a c e  elements  
::: :$ 
Concentration, g /  1 
18 
5. 0 
1. 0 
0 .  5 
1 ,  5 
5. 0 
3. 0 
1. 0 
5. 0 
SGC 917FR- 1 Page 14 
* different refract ive index will apparently "stand out", permitting easy  ob- 
servation under the microscope. 
was used to "blank-out" rnirabilite (q,, = 1. 394, 1. 396, 1. 398) or  Owens 
Valley salt cake. Cumulated experience f rom a number of observations is 
given in Table 6, while photomicrographs i l lustrative of behavior in  Owens 
Lake Brine is shown in Figure 4 and in laboratory-retrysts l l ized mirabi l i te  
in F igure  5. 
shown by the examination of Figure 6. 
In this study, isobutyl alcohol (qD = 1. 394) 
The mction of a Chromatiurn cell in  a pocket in mirabili te is 
The examination of many samples has  shown that Chromatiurn in  
Owens Lake c rys ta l s ,  ei ther naturally occurring or  recrystal l ized,  a r e  con- 
tained in pockets of essentially the same size as  the organism. 
tion or br ine can be observed. 
m a s s ,  and it can not be determined directly whether the water f o r m  is that of 
the water of hydration of the crystal l ine mass, or free water entrapped in de-. 
fec ts  in the crystal .  
contract  , that  on a theoretical  basis  the p re fe r r ed  water f o r m  would be the 
oriented water  of hydration. 
Hence no m o -  
The environment then is that of the crystall ine 
It was pointed out in a n  analysis on the preceeding 
2 
A series of experiments were  performed in an effort to establish 
experimentally the effect of f r e e  water versus  equivalent water coordinated 
to the c rys t a l  as water of hydration. Experiments were  performed near  the 
transit ion tempera tures  of sodium sulfate, where the following react ion takes  
place. 
32. 384OC 
Na2 SO4 10 H 2 0  
that experiments  with rnirabilite a t  32 
Na2  SO4 t 1 0  H 2 0  It was thought 
would involve coordinated water and 
0 similar tests at 33 . 5 C wov.ld present  f ree  water.  However, these exper i -  
ments  have been inconclusive and a careful analysis  of the phenomenon of 
the crystal l ine transit ion appears  to  suggest the reason  for  this. 
the observed behavior of f r e e  water and coordinated water sppea r s  at a 
prec ise  tempera ture  such that the sodium sulfate transit ion can be used as 
a tempera ture  standard, the strength of the bonds holding the water to  the 
salt have been weakening over a broad temperature  range. E t  is  probably 
necessary  therefore to employ techniques such as  the tagged atom approach 
outlined in Section 6 to  establish the prefer red  route of entry of water into 
the organisms.  
Although 
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F i g u r e  4. Pho tomic rograph  Showing Organisms i n  Rec rys t a l l i zed  
Owens Lake Brine (500X) 
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a .  Cells Glowing within Salt Crystal b. Cell Trail 
Figure  5 .  Photomicrographs  of Chromatiurn Ce l l s  i n  Mirabi la te  
C rvs t a l  s 
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SGC 917FR-1 
Figure  6 .  Photomicrographs  Showing Movement of Chromat ium 
within Cel l  Pocket  (50OX, T i m e  In te rva l  Between 
Photos ,  95 Seconds)  
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’ 3 . 3  RESISTANCE O F  CHROMATIUM TO EXTREME ENVIRONMENT 
Continued studies with the halophilie Chromatium has  shown the 
organism to be remarkably res i s tan t  to  a wide variety of ex t reme conditions. 
A s u m m a r y  of a number of environmental s t r e s s  conditions i s  shown in 
Table 7. 
In ea r ly  experiments,  organisms withstood d ry  oven tempera tures  
of 1 8OoC, apparently without damage while more  recently,  autoclaving for  
15 min did not kill the organisms while longer autoclaving of 30 o r  45 min 
resul ted in  death of the Chromatiurn. The organisms appear to survive 
deep f reeze  tempera tures  ( - 3 5  to -55 C for one month) satisfactorily,  as 
well as exposure to 110 C environments. 
0 
0 
An interesting resu l t  was obtained when samples  were  conditioned 
at a total p r e s s u r e  equal to the vapor pressure  of synthetic brine (ca.  30 mm). 
The growth cycles were  rapid and the extent of growth was at leas t  equal to 
that at a t e r r e s t r i a l  atmospheric pressure .  
Although the organisms appear to withstand shor t  exposure to dark,  
before t ransfer r ing  to the light, it was found that cul tures  kept in the dark  
for  25 days before t ransferr ing to the light did not survive.  
A number of observations appear to indicate that the halophilic 
Chromatium is more  res i s tan t  to extreme environment when i t  is  entrapped 
in c rys ta l s ,  compared to behavior in br ines  or on solid media. 
appears  that  the oval o r  very  short  rod shaped cel ls  a r e  most  res is tant .  
highly mobile rod-shaped ce l l s  were  t ransfer red  f r o m  an A. 
saturated Owens Lake Brine,  for example, lysis  of the ce l l s  was observed. 
The oval shaped cel ls  appear to withstand the t ransfer ,  however. 
It €urther 
When 
0. 95 brine to 
W 
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Section 4 
CONCLUSIONS 
The adaptability of the halophilic photosynthetic chromatium f rom 
the concentrated br ines  and salt cakes of Owens Lake to a variety of ex t reme 
environments has  been fur ther  demonstrated by experiments under this 
c ontrac t. 
The growth charac te r i s t ics  of the organism involving the utiliza- 
tion of sulfide with the production of a n  enlarged sulfur globule followed by a 
reduction i n  s ize  to  f o r m  normal  s ized rods appears  to  be a key process  in  
the t ransi t ion f rom the lag to  log s tages  of growth. 
appear  to be l e s s  dense than the normal  organism, it may  be suggested that 
the mode of water  introduction into the cell may  involve the t r ans fe r  
through a sulfur cycle. 
Since the sulfur globules 
The production of bacteriochlorophyll has  a l so  been studied and 
although the ma te r i a l  is re la ted to  growth, bacteriochlorophyll does not ap- 
pear  until a f te r  the sulfides have vanished. 
with the red-purple pigmentation observed in la te r  s tages  of growth. 
possible, therefore ,  that chromatiurn may be at first dependent to  a degree 
upon sulfides as an  energy source and later upon the ability to  photosynthetically 
synthesize bacteriochlorophyll. 
Bacteriochlorophyll is associated 
It is 
It is believed that a significant contribution to the understanding of 
the effect of the medium on growth was made when d i rec t  observations were  
made of the chromatium in their  crystall ine environment. 
an  Owens Lake environment, e i ther  as the salt cake o r  f r o m  recrystal l ized 
brine,  a r e  present  in  vacuoles i n  the c rys ta l  having dimensions approximately 
the same as the organism. Neither liquor i n  the pockets, nor motion of the 
ce l l  could be observed. It appears  that  the environment which the organism 
experiences is that of the salt cake; it i s  not c l ea r ,  however, whether this  
The organisms in 
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includes water  as a hydrate, or  whether f ree  water  trapped in  c rys ta l  defects 
is the p r e f e r r e d  source.  Organisms trapped in  mirabili te c rys ta l s  appear 
to  be found in  pockets with principal dimensions about ten t imes  that of the 
organism. 
move about these pockets. 
The pockets a r e  typically half-filled with brine and the ce l l s  may 
Unusual res is tance to a variety of environments is shown by the 
chromatium. Both high and low temperatures  a r e  withstood, and growth 
under p r e s s u r e s  approximating Martian conditions may  be grea te r  than at a n  
ea r th  atmosphere.  Light appears  clearly necessary  for growth. 
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Section 5 
ANALYSIS OF RESULTS 
This r e sea rch  appears  significant to the pract ical  NASA objectives 
as a n  example of work with life in a n  unusual, highly-stressed environment. 
Basic data has been obtained which establishes the unusual res is tance of the 
photosynthetic halophilic chromatiurn to  temperature  ex t r  eme  s, reduced 
p res su rep  and minimal  water.  
Photomicrographic studies of the chromatium in a crystall ine en- 
vironment show clear ly  that the organisms i n  the Owens Lake sal t  cake a r e  
surviving without large quantities of water available, and it is suggested that 
water  is consumed ei ther  f rom the hydrate sa l t  c rys t a l  (probably the pre-  
f e r r e d  form) ,  o r  f rom f ree  water in  c rys ta l  defect si tes.  
observations strongly suggest the necessity of cor,ducting mechanistic studies 
of the mode of water assimilation by the organism, as well  as the means by 
which the organism can  withstand temperature  and p res su re  extremes.  Such 
studies should be valuable in  establishing a basis for predicting life under ex- 
t r eme  e x t r a t e r r e s t r i a l  conditions. 
The phenomenological 
A further pract ical  aspect  of the program is that information is pro-  
vided which should lead to optimal means for sampling and preserving samples  
f rom an ex t r a t e r r e s t r i a l  probe. 
The efforts on this and the preceeding contract  a r e  leading toward 
a firm description of the limiting processes  for  life in terms of basic physico- 
chemical processes .  Efforts t o  date have shown the relation of water  activity 
to  solute composition,anda phase change has  been suggested as a source of 
water.  
should lead to  a firm understanding of the fac tors  controlling life under extreme 
e nvir o me n t  s . 
The successful completion of these and recommended future studies 
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Section 6 
RECOMMENDED FUTURE WORK 
On the basis  of the studies outlined in the preceeding sections, it ap- 
pea r s  that data have been obtained for  which an understanding is required in  
o rde r  to  permit  the prediction of organism survival under ex t r a t e r r e s t r i a l  con- 
ditions. 
mended investigations a r e  believed to provide a significant under standing of the 
behavior of organisms under extreme environmental conditions. 
a r e  briefly outlined. 
the movement  of water into the organism. 
and sulfur cycle would a l so  be examined. 
es tabl ishment  of the death curve of chromatium with simultaneous a s say  in  a n  
effort  to  determine the fac tors  associated with survival. 
par ison with l e s s  res i s tan t  organisms would a l so  be made. 
associated with the binding forces  that hold organisms to  a soi l  substrate ,  the 
establishment of these forces ,  and a study of methods of freeing the organisms 
f r o m  a soi l  substrate.  
The strong need for  mechanistic studies is evident and the recom-  
Three  tasks  
The f i r s t  of these involves the use of tagged atoms to  t r ace  
The relation between the water cycle 
The second task  involves the prec ise  
A s t ruc tura l  com- 
The third task  is 
6. 1 MECHANISM O F  WATER ABSORPTION BY HALOPHILIC 
CHROMAT IUM 
Important to the understanding of the means  by which organisms can 
exis t  in a hostile environment is the manner in which they ingest water.  
important t o  establish the precise  manner by which the water  is taken up by 
the organism,  since this provides a basis for predicting the conditions under 
which life is most  likely to exist, and thus guides the experimenter along the 
most  profitable lines in  his exploration of hostile a r eas ,  such as Mars .  
It is 
The work c a r r i e d  out under contract NASw 1294 has  established that 
the sulfide content drops to  ze ro  at the point of the sulfur shower at the initia- 
tion of the log phase of growth and that the ce l l s  a r e  observed to  swell appre-  
ciably at this  point with a decrease in density. It i s  also known that both the 
sulfide and sulfate ions c a r r y  coordinated water,  a fo rm suggested by an  ea r l i e r  
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analysis  as being the prefer red  form for water ass imilat ion by the organism. 
It therefore  seems  plausible that the entrance of water into the organism m a y  
come f r o m  water held a s  water  of hydration by the sulfur fo rms  and that the 
t ransi t ion sulfide-hydrate to sulfur may well represent  the ingestion of water  
a s  we11 a s  sulfur oxidation. 
It is therefore  proposed to study the mode of water ingestion i n  
In this  study, the chromatium ce l l s  by following the path of tagged atoms. 
the sulfur can  be followed by means of the S 
suitable for use a r e  readily available. 
s e e m s  mos t  appropriate. 
tion of the sulfide, and whether it is oxidized to sulfur o r  sulfate (or  both), 
and the mode by which water passes  into the cell .  
of ce l l s ,  the lysing of the ce l l s  prior to  counting, o r  the extraction of particular 
components of the ce l l  with subsequent radiological examination could be em-  
ployed. The use by the organism of water that has  been coordinated to  the sul-  
fide o r  sulfate, as well as f r ee  water in solution, would be examined similarly.  
3 5  tagg and indeed tagged compounds 
The use of a t r i t ium t a g  for  the water 
The precise  experiments would involve the utiliza- 
Ei ther  the direct  counting 
These experiments should lead to  a firm evaluation of the need by the 
organisms f o r  f r e e  water ,  and the ability of the organism to obtain water  f rom 
chemically combined forms.  
ability of organisms such as the chromatium species  to survive under ex t reme 
conditions. 
Thus important conclusions can  be drawn of the 
Similar experiments to those for sulfur can  a l so  be c a r r i e d  out with 
carbonates ,  in order  that the effect of the water hydrated to  the carbonate ion 
might be determined. 
6. 2 AN EXAMINATION OF THE FACTORS CONTROLLING SURVIVAL 
O F  THE HALOPHILIC CHROMATIUM UNDER TEMPERATURE 
AND PRESSURE EXTREMES 
An important finding of the studies under contract  NASw 1294 has  
been the remarkable  ability of the halophilic chromatium to survive under ex- 
t remely  hostile conditions. 
becomes limited may  well offer important information relative to  the ability 
of organisms to  survive under ex t r a t e r r e s t r i a l  conditions. 
An investigation of the mode by which survival 
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It has  been found under contract NASw 1294 that the chromatium 
has  survived for days a t  llO°F and for  brief periods as high as 180°F. 
Autoclaving for 15 min  has  not killed the organisms,  while exposure to the 
autoclave for  30 min OF longer resul ted in loss of viability. 
deep f reeze  tempera tures  OF p re s su re  reduced to about 30 mm has  not r e -  
sulted in inactivation of the microorganisms.  
Exposure to  
It is recommended, therefore,  that a study be made of the growth 
charac te r i s t ics  a s  a function of temperature  so that the precise  tempera ture  
limits which the halophilic chromatium can withstand might be determined. 
Concurrent with this study, an examination of the ce l l s  will  be made to de te r -  
mine the f ac to r s  resulting in death. 
ce l l  suspensions may well indicate such factors  a s  dehydration o r  protein 
denaturation. 
and the comparison with other common organisms would a l so  be important. 
Fo r  example, an inf ra - red  analysis of 
An establishment of the composition of the res i s tan t  chromatium 
The establishment of the growth charac te r i s t ics  under reduced 
p res su re  conditions would a l so  be ca r r i ed  out, with a similar analysis to 
be made. 
These studies should provide important leads to  the ex t r emes  of 
tempera ture  and p res su re  which microorganisms can  withstand and therefore  
provide a bas is  for prediction of the possible existence of such mater ia l s  
in e x t r a t e r r e s t r i a l  s i tes .  
would a l so  be fur thered by a study of this type. 
The mechanism of withstanding hostile environments 
6. 3 AN INVESTIGATION O F  SOIL-ORGANISM BINDING FORCES 
An important consideration in obtaining samples  of organisms f r o m  
e x t r a t e r r e s t r i a l  sources  is that the organism may well  be bound to the so i l  
and a quantity of this biologically iner t  medium may  be expected to be found 
with any organism sample. Techniques a r e  available, however, for  establish- 
ing soi l -organism binding forces  and a method of freeing the organism f r o m  
the soi l  can  be suggested. 
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st, 
An ea r l i e r  study by Pethica-' has suggested a number of ways by 
These include chemical bonds such which ce l l s  can adhere one to another. 
as hydrogen, amide or  e s t e r  bonds, ion-pair and ion-triplet  formation, 
e lectrostat ic  attractions,  van der  Waal forces ,  etc. In all,  twelve possible 
mechanisms a r e  suggested for organism-to-organism at t ract ion or  repulsion, 
many of which a r e  equally important as means for attaching organisms to 
soil  par t ic les .  
purely physical entrapment by which diss imilar  par t ic les  in  a ma t r ix  cannot 
be removed until the ma t r ix  is separated. 
could occur in  selected cases  in  which a flagellate may  physically attach to  a 
soi l  particle.  E a r l i e r  work by the investigators now a t  Space-General has  
shown that microscopic physical properties on par t ic les  as smal l  as a few 
microns  can  be studied directly by developed but unpublished techniques. 
In addition, it can be seen that par t ic les  may adhere by the 
A fur ther  physical phenomena 
It is proposed therefore to examine the binding forces  between soi l  
and selected microorganisms by means of d i rec t  measurements  on a micro-  
scopic scale .  The force between the soil and organism can  be measu red  by 
means of a quartz-fiber balance ( a  single fiber in flexure),  observing the 
behavior under the microscope. The paper by Pethica has  suggested that 
calcium and magnesium bonds may play an important role,  and that observa- 
tions on small rod-like organisms have shown a p re fe r r ed  orientation which 
can  well be attr ibuted to  electrostatic charge distributions. 
would a l so  be examined in the establishment of cel l -soi l  particle forces .  
These factors  
With the establishment of the type and extent of forces  binding the 
soil  to organisms,  means by which the organism can be f reed  f rom the soi l  
can be examined. In the case  of physical entrapment,  a simple water  leach 
may be sufficient to  re lease  the organisms while specific types of electrolytes 
may  be employed to reduce surface charge at t ract ions in other cases .  Another 
means which should be examined is based on extensive work a t  Space-General 
under other contracts.  This technique involves the parti t ion between two 
.b -a*
Pethica, B. A . ,  "The Physical Chemistry of Cell  Adhesion, " Experimental  
Cell  Research ,  Suppl. 8, 123-140 (1961). 
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. immiscible  aqueous phases. 
highly selective for separating bacter ia  f rom a var ie ty  of atmospheric 
background debris ,  including siliceous dusts. 
The liquid partition technique has  been found 
This  study should give definitive answers  to the questions of 
the extent t o  which organisms might be bound to ex t r a t e r r e s t r i a l  soi l  and 
provide means for freeing the organisms f rom the soi l  debris  for  re turn  to  
ear th .  
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K. H. Sweeny, PhD ( P r o g r a m  Manager 
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SGC 917FR- 1 Page 30 
I * *   
I 
Section 8 
REFERENCES 
Jannasch, H. W. , "The Bakteridle Rotforfung der  Saleseen des 
Wadi Natrum, Arch. Hydrobiol. - 53, 425-433 (1957). 
Space-General Report  SGC 735FR- 1. Final  Report  on Photosynthetic 
Halophiles from Owens Valley, Contract  NASw- 1037. 11 August 1965. 
Von Niel, C. B . ,  "On the Morphology and Physiology of the Purple  
and Green Sulfur Bacter ia ,  I '  Archiv f u r  Mikrobiol. 3, 1- 112, (1931). 
Baas-Bccking, L. G. M. , "Studies on the Sulfur Bacter ia ,  ' I  Ann. 
Bot. - 39, 613-650 (1925). 
"Standard Methods fo r  the Examination of Water and Waste Water,  I '  
A m .  Public Health Assoc. , New York, (1960). 
Von Niel, C. B. and W. Arnold, "The Quantitative Es t imat ion  of 
Bacteriochlorophyll ,  ' I  Enzymologia, - 5, 244-250 (1938). 
SG'C 917FR-1 Page  31 
